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To date, various G-quadruplex structures have been reported in human telomeric sequences. Human telomeric repeats can form
many topological structures depending on conditions and on base modiﬁcation; parallel, antiparallel, and hybrid forms. The
eﬀect of salts and some speciﬁc ligands on conformational switches between diﬀerent conformers is known, but the inﬂuence of
protruding sequences has rarely been discussed. In this paper, we analyze diﬀerent quadruplex-forming oligomers derived from
human telomeric sequences which contain 3 - and 5 -protruding nucleotides, not usually associated with the G-quadruplex motif.
The study was performed using electrophoresis, CD, and UV spectroscopies. The major ﬁndings are (i) protruding nucleotides
destabilize the G-quadruplex structure, and (ii) overhanging sequences inﬂuence the folding of the quadruplex.
1.Introduction
There is currently tremendous interest in understanding
G-quadruplex formation from G-rich sequences. To date,
more than 1600 scientiﬁc articles concerning the quadruplex
problem have been published; more than 1200 of them are
focused on quadruplexes which potentially occur in humans
and approximately half of these are interested in quadruplex
formation in telomeres. Telomeres are structures at the end
of chromosomes which protect chromosomal DNA from
degradation and recombination [1, 2]. Eukaryotic telomeres
consist of tandem repeats of G-rich sequences, for example,
(TTAGGG)n repeats in human. Several kilobases of that
sequence are paired with a complementary strand to form
duplex DNA, but approximately 100–200 nucleotides of
the sequence remain unpaired and form a single-stranded
overhang. These G-rich ends can fold into four-stranded G-
quadruplex structures containing G-tetrads, paired by intra-
or intermolecular Hoogsteen bonds; they are held together
by π-π stacking interactions [3]. This noncanonical DNA
secondary structure has been postulated as being involved
in a variety of biological functions; it is suggested that they
mayalsobeimportantcausalfactorsincellagingandhuman
diseases such as cancer [1, 2]; G-quadruplexes formed by
these sequences represent attractive anticancer targets [4, 5].
There is supporting evidence that telomeres also serve as a
biological clock, as telomere structures appear to shorten
with each successive cell cycle. In immortalized cells and
in cancer cells however, telomerase is activated to maintain
the length of the telomere [6]. Speciﬁc proteins interact
with the overhang and regulate telomerase activity. There
is supporting evidence that quadruplex structures occur in
vivo[7],andrecentevidencesuggeststhatquadruplexesform
in telomeric DNA at speciﬁc times in the cell cycle [8].
However, G-rich DNA sequences can form a large number of
structurally diverse G-quadruplex structures in the presence
of monovalent ions, for example potassium and sodium [9].
Much still remains unclear about the condition and driving
forces of quadruplex topology.
Repeatsofthe5 -TTAGGGsequencespontaneouslyform
intramolecular quadruplex structures in solution, with a
variety of folded morphologies. Diﬀerent conformations
of human telomeric oligomers in water solution and in
crystals have been reported by a number of authors [3, 10,
11]. In addition, one conformation of G-quadruplex can
transform to another, for example, parallel-to-antiparallel2 Journal of Nucleic Acids
form. Quadruplex folding depends on many factors; the
DNA sequence, the presence of ions, the temperature, and
the presence of various ligands [12, 13]. Recently, four-
repeats of human telomere sequences have been shown to
form two very similar intramolecular (3+1) G-quadruplexes
in solutions containing K+ ion (hybrid form 1 and 2)
[14–16]. Both structures contain the (3 + 1) G-tetrad core
with one double-chain-reversal (DCR) and two edgewise
loops (EW), but diﬀer in the order of loop appearance
within the G-quadruplex scaﬀold. In addition, a basket-
type G-quadruplex with only two G-tetrad layers was
detected where loops are successively edgewise, diagonal,
and edgewise. Despite the presence of only two G-tetrads
in the core, this structure is more stable than the three-G-
tetrad intramolecular G-quadruplexes previously observed
in human telomeric sequences in potassium solution. This
novel structure highlights the conformational heterogeneity
of human telomeric DNA [17]. Studies have also revealed a
crystalstructureofthehumantelomeresequencewhichhasa
unique symmetrical propeller-type structure with all parallel
G-tetrads and three double-chain-reversal loops [3]. This
structure does not seem to be the prevalent form in solution
[11]. However, recent experiments show that the human
telomeric repeats can form parallel G-quadruplex structures
in crowding conditions simulated with polyethylene glycol
and ethanol [18–20].
In this study, we analyze the human telomeric sequence
3 -G3(TTAG3)3-5  containing various overhangs at 3 -a n d
5 -ends, Table 1. The eﬀe c to ft h y m i n et r a c tl e n g t hh a s
previouslybeenstudiedfordiﬀerentshortersequenceswhich
form dimeric and tetrameric quadruplex molecules [21].
However, for the ﬁrst time we focus on monomolecular
quadruplexes containing longer protruding sequences of
more than 7 nucleotides. It has been widely documented
that changes of only one base in the sequence at the 3 -o r
5 - end can drastically modify quadruplex topology [15].
Our goal was to choose sequences in which overhangs
do not form any secondary structures, because additional
secondary motifs can signiﬁcantly aﬀect CD spectra and
can complicate spectra interpretation. Therefore, only one
random protruding sequence was analyzed to avoid any
unexpected interactions of overhanging guanines with parts
of the sequence forming a core of G-quadruplex; other
sequences in overhangs do not contain guanine and cytosine
bases. Thus, d(T)n and d(TTA)m have been analyzed, where
n = 7a n d1 1a n dm = 1a n d6 .T h es e c o n dg o a l
was to use sequences which cannot form or associate to
other quadruplex motifs, as for example, in the TEL2
sequenceused here. Recentevidence suggeststhe existence of
intramolecularquadruplex-quadruplexinteractionsbetween
two contiguous quadruplex motifs in another quadruplex
formingsequence,whichcaninﬂuencetheiroverallstructure
[22]. These oligomeric sequences forming G-quadruplexes
serve as a model of the arrangement of quadruplexes in
telomeres in cellular conditions because G-rich islands are
always associated with another part of telomeric DNA,
mainly at 5 -end, where the telomeric sequence occurs
as double-stranded DNA. Electrophoresis, CD and UV
spectroscopies have been used for this purpose.
2.MaterialsandMethods
2.1. Material and Equipments. A l lc h e m i c a la n dr e a -
gents were obtained from commercial sources. Acry-
lamide:bisacrylamide (19:1) solution and ammonium per-
sulfate were purchased from Bio-Rad, polyethylene glycol—
PEG 200 and N,N,N
 ,N
 -tetramethyl- ethylenediamine were
purchased from Fisher Slovakia. DNA oligomers (sequences
shown in Table 1) were obtained from Sigma Genosys
and Biosearch Technologies, Inc. All DNA oligomers were
PAGE puriﬁed and dissolved in double-distilled water before
use. Single-strand DNA concentrations were determined
by measuring the absorbance (260nm) at high tempera-
ture. The concentration of DNA was determined by UV
measurements carried out on a Varian Cary 100UV-visible
spectrophotometer (Amedis, Slovakia). Cells with optical
path lengths of 10mm were used, and the temperature of the
cell holder was controlled with an external circulating water
bath (Varian).
2.2. Circular Dichroism Spectroscopy. CD spectra were
recorded on a Jasco J-810 spectropolarimeter (Easton, MD,
USA) equipped with a PTC-423L temperature controller
using a quartz cell of 1mm optical path length in a
reaction volume of 300μl and an instrument scanning speed
of 100nm/min, 1nm pitch, and 1nm bandwidth, with a
response time of 2s, over a wavelength range of 220–320nm.
The scan of the buﬀer was subtracted from the average scan
for each sample. All DNA samples were dissolved and diluted
in suitable buﬀers containing appropriate concentrations of
ions. The amount of DNA oligomers used in the experiment
was kept close to ∼2.5μM. The normalized CD spectra
were compared. DNA samples were annealed at 95
◦Cf o r5
minutes then allowed to cool down to the initial temperature
as at the beginning of the experiment for ∼2h o u r s .C D
data represents three averaged scans taken at a temperature
range of 20
◦C. The Britton-Robinson buﬀer was used in
all experiments: 25mMH3PO4, 25mM Boric acid, 25mM
acetic acid, and supplemented by 50mM of KCl, pH was
adjusted by Tris to the ﬁnal value of 7.0.
2.3. Melting Curves. T h eC Dm e l t i n gp r o ﬁ l e sw e r ec o l l e c t e d
at 265 and at 295nm. The thermal stability of diﬀerent
antiparallel quadruplexes was also measured by recording
UVabsorbanceandtheCDellipticityat295nmasafunction
of temperature, by a method similar to that published
previously [23, 24]. The temperature ranged from 20 to
100
◦C, the heating rate was 0.25
◦C per minute. The melting
temperature (Tm) was deﬁned as the temperature of the
midtransition point. This Tm value was used as an initial
parameter of van’t Hoﬀ analysis [24].
2.4. Electrophoresis. Native polyacrylamide gel electrophore-
sis (PAGE) was run in a temperature-controlled vertical elec-
trophoretic apparatus (Z375039-1EA; Sigma-Aldrich, San
Francisco, CA). Gel concentration was 16% (19:1 monomer
to bis ratio, Applichem, Darmstadt). About two micrograms
of DNA (∼1/5 of DNA as used in the CD experiments) wasJournal of Nucleic Acids 3
loaded on 14 × 16 × 0.1cmgels. Electrophoresis was run
at 20
◦C for 4 hours at 126V (∼8V·cm−1). DNA oligomers
were visualized with silver after the electrophoresis, and the
electrophoretic record was photographed by an Olympus
Camedia 3000 camera [25].
3. Results andDiscussion
3.1. CD Spectroscopy. Although CD spectra are routinely
used to assign DNA folds [11], the interpretation of optical
properties such as hypochromicity or the shape and sign of
CD bands can be controversial [26]. G-tetrad stacking and
the polarity of DNA strands are determining factors in the
intensity and shape of the CD spectrum, and speciﬁcally
the rotation angle between the stacks. It is well known
that parallel G-quadruplex structures give a positive band
∼265nm and a negative band ∼240nm, while antiparallel
G-quadruplex structures, such as the basket and chair forms,
show two positive bands ∼295 and ∼245nm and a negative
band ∼260nm [26]. These spectral features are mainly
attributed to the speciﬁc guanine stacking in various G-
quadruplex structures [24, 27].
Figure 1 shows CD spectra of oligomers, the sequences
of which are summarized in Table 1.C Dm e a s u r e m e n t sw e r e
performed in a Britton-Robinson buﬀer containing 50mM
of KCl. These measurements clearly show that protruding
nucleotides have a considerable impact on the proﬁle of
spectra; longer protrusions have an even more signiﬁcant
inﬂuence.ThepositiveCDbandofTEL1andTEL2at293nm
associated with a ∼265nm positive shoulder (red and black
lines in Figure 1(a)), correspond to the antiparallel hybrid
forms in K+ solution [28]. TEL1 in the presence of 50%
PEG 200 folds into a parallel conformer, which the CD
spectrum shows as no peak at ∼295nm, red-dashed line
in Figure 1(a). The spectra of TEL1-3-5-T-7 and TEL1-
5-T-11 are in principle the same which is why only one
spectrum is presented in Figure 1(b). Prolongation of the
quadruplex overhanging sequence increases the negative
and positive signals at ∼250nm and 265nm, respectively,
Figures 1(b) and 1(c). These results indicate that tails of G-
quadruplexes can inﬂuence the quadruplex topology. Our
data also supports the suggestions made by other authors
that even small changes to ﬂanking sequences can disturb
the equilibrium between diﬀerent coexisting G-quadruplex
forms. In a recent study, two separated bands of compa-
r a b l em a g n i t u d ew e r eo b s e r v e da t∼270 and ∼295nm for
A3G3(T2AG3)3A2 oligomer [20]. Similar features of spectra
were observed to that of TEL1-3-5-TTA-18, TEL1-5-TTA-
18, and TEL1-3-5-A-7 in K+ solution. In addition, a study
of A3G3(T2AG3)3A2 using NMR conﬁrmed a hybrid 2 of
quadruplex structure [16]. The ﬂanking nucleotides resulted
in a shoulder on the short wavelength side of the 295nm
CD band. The height of this shoulder increased with the
number of ﬂanking nucleotides. A similar CD spectrum was
observed for G3(T2AG3)4, which contains one redundant
T2AG3 repeat [18].
The presence of multiple G-quadruplex conformations
inK+ solutionmakesstructuralinterpretationdiﬃcultunder
conditions of NMR measurements [15]. To date, only two
hybrid conformers have been clearly conﬁrmed by NMR.
However, Phan et al. have detected a small population of
other (3 + 1) hybrids containing two DCR loops [29]. Our
hypotheses explaining the relative increase and decrease of
peaks at ∼270nm and ∼295nm, respectively, is as follows;
increasing the number of protruding nucleotides shifts the
equilibrium from a hybrid with one DCR towards the (3+1)
arrangement containing two DCR loops. The subsequent
introduction of crowding conditions causes a propeller-like
parallel arrangement of G-quadruplex to develop
hybrid 1,2 (1xDCR) −→ hybrid (2xDCR)
−→ propeller (3xDCR)
(1)
However, our hypothesis has to be veriﬁed with NMR at
corresponding condition. Interestingly, the CD pattern of
TEL1-ran (green line) shows a maximum of ellipticity at
∼262nm associated with ∼295nm positive shoulder. This
oligomer supports and conﬁrms our previous suggestions.
However, when a protruding sequence is able to form an
additional quadruplex, as for example, the TEL2 oligomer
used in this study, then two tandemic quadruplexes are more
likely to be formed. The same spectral features are to be
observed in both TEL1and TEL2[26, 30, 31]. Nevertheless, a
signiﬁcant destabilization of TEL2 quadruplex structure can
also be observed, Table2. These results are in agreement with
previous studies [26].
3.2. Electrophoretic Analysis. The overhanging sequences
signiﬁcantly inﬂuence the mobility of DNA samples. Fre-
quently, the unusually small value of mobility of the parallel
conformers which does not correspond to their size can be
explained by a higher molecularity. It has been suggested
that the mobility of antiparallel and parallel conformers
depends only on the number of molecules associated with
the formation of its structure [26]. However, in a nonde-
naturing condition the mobility depends not only on the
molecular mass and the charge of macromolecules, but is
also strongly determined by topology [24]. Figure 2 displays
electrophoretic records of native 16% polyacrylamide gels
illustrating the relative mobilities of the oligomers in the
presence of 50mMKCl. The electrophoretic mobilities of
TEL1 and their derivatives are clearly visible.
Random 20-mer and 40-mer were used as DNA stan-
dards. The fastest electrophoretic mobility is exhibited by the
TEL1 oligomer (line 1); it is consistent with the mobility of
monomolecularly folded G-quadruplexes [24, 26, 30]. The
mobility retardation caused by the overhanging nucleotides
of TEL1 oligomer is evident. The electrophoresis did not
conﬁrm any anomalous mobility of oligomers; sequences
with the same length move equally and longer oligomers
more slowly. For example, the mobilities of TEL1-ran and
TEL1-5-TTA-18 sequences are comparable in the given con-
ditions due to similarities in their lengths. The CD spectra
of oligomers TEL1, TEL1-3-T-7, TEL1-5-T-7, TEL1-3-T-11,
TEL1-5-T-11, and TEL2 show similar proﬁles, suggesting
that all these sequences form a topologically equivalent core
of quadruplex, and then their mobilities depend on the4 Journal of Nucleic Acids
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Figure 1: Normalized CD spectra of G-quadruplex-forming sequences in Britton-Robinson buﬀer containing 50mMKCl, pH 7.0
distinguished by diﬀerent color: TEL1, TEL2, and TEL1 in the presence of 50% PEG-200 and TEL1-ran in (a); TEL1-3-T-7, TEL1-5-T-7,
TEL1-3-5-T-7, TEL1-5-T-11, TEL1-5-TTA-18, TEL1-3-5-TTA-18 in (b), and TEL1-3-A-7, TEL1-5-A-7, TEL1-3-5-A-7, and TEL1 in (c).
Table 1: Oligodeoxynucleotides and their sequences used in this study.
Name N. nt. Sequence 5  → 3 
TEL1 21 GGGTTAGGGTTAGGGTTAGGG
TEL1-TTA 24 GGGTTAGGGTTAGGGTTAGGGTTA
TEL2 45 GGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGG TTAGGG
TEL1-5-T-7 28 TTTTTTT-GGGTTAGGGTTAGGGTTAGGG
TEL1-3-T-7 28 GGGTTAGGGTTAGGGTTAGGG-TTTTTTT
TEL1-5-A-7 28 AAAAAAA-GGGTTAGGGTTAGGGTTAGGG
TEL1-3-A-7 28 GGGTTAGGGTTAGGGTTAGGG-AAAAAAA
TEL1-5-T-11 32 TTTTTTTTTTT-GGGTTAGGGTTAGGGTTAGGG
TEL1-3-T-11 32 GGGTTAGGGTTAGGGTTAGGG-TTTTTTTTTTT
TEL1-3-TTA-11 32 GGGTTAGGGTTAGGGTTAGGG-TTATTATTATT
TEL1-5-TTA-11 32 TTATTATTATTGGGTTAGGGTTAGGGTTAGGG-
TEL1-3-5-T-7 35 TTTTTTT-GGGTTAGGGTTAGGGTTAGGG-TTTTTTT
TEL1-3-T-18 39 GGGTTAGGGTTAGGGTTAGGG-TTTTTTTTTTTTTTTTTT
TEL1-5-T-18 39 TTTTTTTTTTTTTTTTTT-GGGTTAGGGTTAGGGTTAGGG
TEL1-3-5-A-7 39 AAAAAAA-GGGTTAGGGTTAGGGTTAGGG-AAAAAAA
TEL1-5-TTA-18 39 TTATTATTATTATTATTA-GGGTTAGGGTTAGGGTTAGGG
TEL1-3-5-TTA-18 57 TTATTATTATTATTATTA-GGGTTAGGGTTAGGGTTAGGG-TTATTATTATTATTATTA
TEL1-ran 39 GATCCCAGATCTTC-GGGTTAGGGTTAGGGTTAGGG -CAGAJournal of Nucleic Acids 5
12 345678 9 1 0 1 1 1 2
Figure 2: Electrophoresis at 20
◦C in 16% polyacrylamide gels in
25mM Britton-Robinson buﬀer (pH 7.0) containing 50mMKCl.
Each well contains ∼0.5μM of oligomer. In lines 1–10 there were
loaded TEL1, TEL1-3-T-7, TEL1-5-T-7, TEL1-3-5-T-7, TEL1-3-T-
11, TEL1-5-T-11, TEL1-ran, TEL2, TEL1-5-TTA-18, and TEL1-3-5-
TTA-18 oligomers. Random 20- and 40-mer are loaded in lines 11
and 12.
length of protruding sequences and not on DNA topology.
Though TEL1-ran, TEL1-5-TTA-18, and TEL1-3-5-TTA-18
oligomers show the most intensive peaks at range of 262–
272nm, their mobility is not anomalous to the oligomers
discussed above. Therefore, we suggest that the topology of
the (3+1) hybrid arrangement did not have to be disturbed.
However, we cannot decide based on CD and electrophoretic
experiment unambiguously whether the arrangement of
TEL1-ran is still a hybrid or parallel form. Nevertheless, the
TEL2 consists of 45 nucleotides, but this oligomer moves
fasterthanother“tailed”butshorteroligomers;TEL1-3-5-T-
7 (35nt), TEL1-5-T-11, and TEL1-3-T-11 (32nt). Thus, we
suggest that based on CD spectra and electrophoresis, this
oligomer forms two quadruplexes within a (3 + 1) hybrid
topology ordered in tandem [26].
However, we cannot exclude the possibility of a mixed
population of parallel and antiparallel conformers in a
solution containing potassium, because both corresponding
peaks/shoulders (265 and 295nm) were observed in some
sequences. Electrophoresis excludes a mix of topologically
diﬀerent conformers because only one clear band is detected,
althoughthermodynamicallytransientconformerscancause
smears in certain lines during the electrophoretic separation
[24]. The silver staining procedure is highly sensitive in DNA
visualization; the advantage is that it allows us to detect even
very small populations of structural forms [25].
3.3. Analysis of Melting Curves. Melting curve analysis can
help to clarify some other aspects concerning quadruplex
stability. Nonsigmoidal shapes of the melting curve have
been reviewed by many authors, in particular those con-
cerning quadruplex evaluation [32]. Although van’t Hoﬀ’s
evaluation of melting curves can oﬀer important informa-
tion, inappropriate use of the application can also lead
to incorrect interpretations. This analysis can only oﬀer
relevant results for two-state mechanisms, as described by
the following scheme: F ↔ U,w h e r eF and N represent
the folded and unfolded states of molecule, respectively.
Chaires have critically reviewed a routine application of
van’t Hoﬀ analysis to a number of melting curves [33].
The following methods should be used to verify a two-
state mechanism; (i) dual-wavelength parametric test [34],
(ii) detection of whole-scale spectra at each temperature, for
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T (red), and TEL1-3-5-TTA-18 (orange) at pH 7.0 obtained by CD
spectroscopy collected at 293nm.
example,detectionofisoellipticandisosbesticpoints[12,23,
33], and (iii) so-called singular value decomposition (SVD)
analysis which allows us to detect the presence of kinetically
stable intermediate species in the process of quadruplex
formation [12, 35]. The dual-wavelength parametric test and
detection of isoelliptic and isosbestic points gave ambiguous
results concerning a two-state mechanism of quadruplex
unfolding (not shown). Only the TEL1-ran, TEL1-3-5-TTA-
18, and TEL-5-A-7 oligomers used in this work show signs of
two-state melting behavior, therefore the result of van’t Hoﬀ
enthalpy, entropy, and Gibbs energy change, summarized in
Table 2, are provided for information purposes and might be
veriﬁed by microcalorimetry.
The eﬀect of quadruplex destabilization by tails could
be partially explained with analogy to a negatively charged
head and a whip. Local thermal ﬂuctuations cause a diﬀerent
movement of the tail and of the head of quadruplex in
solution,whichcanresultinadestabilizationoftheproximal
G-tetrad, Figure 3.I ta p p e a r st h a t5  -tail destabilizes TEL1
slightly more than 3 -overhanging nucleotides, Table 2.
This fact conﬁrms that the folding topology of human
quadruplexes, the arrangements of DCR and EW loops in
(3 + 1) hybrid conformers, governs a structural stability
of G-quadruplex. It seems that the melting temperature
and other thermodynamic parameters are aﬀected by pro-
truding nucleotides. However, it is impossible to describe
the destabilization eﬀect using simple formulae, because
the eﬀect depends on at least two factors: (i) the sequence
of overhanging sequence and (ii) the length of DNA
overhanging. The random overhanging sequence of TEL-
ran presented here provides a noteworthy eﬀect. Its melting
temperature is comparable with TEL1-5-TTA-18 oligomer of
the same nucleotide size, but the shift of the main CD peak
towards lower wavelengths is more evident in comparison
with other sequences, Figure 1.T h eTEL2 oligomer also
shows destabilization, although the CD spectrum is in
principle equivalent to TEL1. The CD spectrum of TEL2
agrees with the spectrum obtained by Petraccone at al. for
(TTAG3)8TT [31], where the CD spectrum of the dimer6 Journal of Nucleic Acids
T
a
b
l
e
2
:
T
h
e
r
m
o
d
y
n
a
m
i
c
p
a
r
a
m
e
t
e
r
s
o
b
t
a
i
n
e
d
f
r
o
m
C
D
a
n
d
U
V
m
e
l
t
i
n
g
c
u
r
v
e
s
.
U
V
m
e
l
t
i
n
g
c
u
r
v
e
s
w
e
r
e
o
b
t
a
i
n
e
d
a
t
∼
2
9
3
n
m
i
n
t
h
e
p
r
e
s
e
n
c
e
o
f
5
0
m
M
K
C
l
.
V
a
l
u
e
s
i
n
w
h
i
c
h
a
t
w
o
-
s
t
a
t
e
m
e
c
h
a
n
i
s
m
w
a
s
c
l
e
a
r
l
y
c
o
n
ﬁ
r
m
e
d
b
y
d
u
a
l
-
w
a
v
e
l
e
n
g
t
h
p
a
r
a
m
e
t
r
i
c
t
e
s
t
a
r
e
h
i
g
h
l
i
g
h
t
e
d
b
y
b
o
l
d
f
o
n
t
.
O
l
i
g
o
m
e
r
P
r
o
t
r
u
s
i
o
n
[
n
t
.
]
C
D
U
V
T
m
Δ
H
Δ
S
Δ
G
o
3
7
T
m
Δ
H
Δ
S
Δ
G
o
3
7
[
◦
C
]
[
k
c
a
l
·
m
o
l
−
1
]
[
c
a
l
·
m
o
l
−
1
·
K
−
1
]
[
k
c
a
l
·
m
o
l
−
1
]
[
◦
C
]
[
k
c
a
l
·
m
o
l
−
1
]
[
c
a
l
·
m
o
l
−
1
·
K
−
1
]
[
k
c
a
l
·
m
o
l
−
1
]
T
E
L
1
0
–
0
6
4
.
7
5
9
.
3
2
0
7
4
.
9
6
5
.
3
5
8
.
8
2
0
5
4
.
9
T
E
L
2
0
-
3
-
0
5
5
.
9
3
9
.
5
1
3
5
2
.
3
5
5
.
3
3
4
.
0
1
1
6
1
.
9
5
 
-
o
v
e
r
h
a
n
g
T
E
L
1
-
5
-
T
T
A
3
–
0
5
7
.
6
5
7
.
9
1
9
8
3
.
6
5
7
.
8
5
8
.
7
2
0
1
3
.
7
T
E
L
1
-
5
-
T
-
7
7
–
0
5
3
.
6
5
1
.
4
1
7
4
2
.
6
5
0
.
6
3
9
.
2
1
3
2
1
.
6
T
E
L
1
-
5
-
A
-
7
7
–
0
5
4
.
8
3
9
.
0
1
3
3
2
.
1
5
6
.
0
4
1
.
8
1
4
3
2
.
4
T
E
L
1
-
5
-
T
-
1
1
1
1
–
0
5
5
.
1
5
1
.
6
1
7
5
2
.
8
5
4
.
9
6
0
.
7
2
0
6
3
.
3
T
E
L
1
-
5
-
T
T
A
-
1
1
1
1
–
0
5
4
.
8
5
0
.
6
1
7
2
2
.
7
5
3
.
9
5
8
.
1
1
9
7
3
.
0
T
E
L
1
-
5
-
T
-
1
8
1
8
–
0
5
1
.
2
4
3
.
4
1
4
3
1
.
9
n
d
n
d
n
d
n
d
T
E
L
1
-
5
-
T
T
A
-
1
8
2
9
3
n
m
1
8
–
0
5
1
.
0
4
2
.
4
1
3
7
1
.
8
n
d
n
d
n
d
n
d
2
6
3
n
m
5
2
.
3
4
2
.
8
1
4
4
2
.
0
n
d
n
d
n
d
n
d
3
 
-
o
v
e
r
h
a
n
g
T
E
L
1
-
3
-
T
T
A
0
–
3
5
9
.
6
5
5
.
9
1
9
3
3
.
8
5
8
.
9
6
1
.
6
2
1
2
4
.
1
T
E
L
1
-
3
-
T
-
7
0
–
7
5
6
.
8
5
2
.
8
1
8
1
3
.
2
5
5
.
4
5
9
.
1
2
0
1
3
.
3
T
E
L
1
-
3
-
A
-
7
0
–
7
5
9
.
8
5
0
.
5
1
7
4
3
.
5
5
9
.
3
5
0
.
7
1
7
5
3
.
4
T
E
L
1
-
3
-
T
-
1
1
0
–
1
1
5
7
.
9
5
7
.
5
1
9
7
3
.
6
5
6
.
1
2
6
.
8
9
2
1
.
6
T
E
L
1
-
3
-
T
T
A
-
1
1
0
–
1
1
5
7
.
7
5
5
.
5
1
9
0
3
.
5
5
7
.
1
4
6
.
8
1
6
0
2
.
8
T
E
L
1
-
3
-
T
-
1
8
0
–
1
8
5
3
.
4
4
5
.
8
1
5
5
2
.
3
n
d
N
d
n
d
N
d
3
 
-
a
n
d
5
 
-
o
v
e
r
h
a
n
g
s
T
E
L
1
-
3
-
5
-
T
-
7
7
–
7
4
7
.
5
5
5
.
9
1
8
6
1
.
8
4
8
.
3
3
9
.
5
1
3
2
1
.
4
T
E
L
1
-
3
-
5
-
A
-
7
7
–
7
5
1
.
3
4
6
.
8
1
5
8
2
.
1
5
2
.
6
5
2
.
4
1
7
9
3
.
1
T
E
L
1
-
r
a
n
2
6
3
n
m
1
4
–
4
5
3
.
5
3
7
.
5
1
2
7
1
.
9
n
d
N
d
n
d
n
d
T
E
L
1
-
3
-
5
-
T
T
A
-
1
8
2
9
0
n
m
1
8
–
1
8
4
0
.
5
4
9
.
5
1
6
1
0
.
5
n
d
n
d
n
d
n
d
2
6
5
n
m
4
0
.
9
3
7
.
6
1
2
9
0
.
5
n
d
n
d
n
d
n
dJournal of Nucleic Acids 7
closely matches the sum of the CD spectra of hybrid 1 and
hybrid 2 monomers. According to the analysis of human
telomeric quadruplex multimers by molecular dynamics, it
has been shown that quadruplexes behave as two indepen-
dent subunits connected by a TTA linker. The TTA linker
loop also loses all of its original conformational features
and becomes extended [36]. Therefore, we suggest here that
when two thermodynamically equivalent quadruplex units
of TEL1 in TEL2 connected by a TTA loop are exhibited to
thermal ﬂuctuations in solution, the proximal guanines in
G-tetrads might be preferentially destabilized in comparison
with TEL1 oligomer. Our suggestion is also supported by
previous studies where there is shown that the number of
TTAG3 repeats inﬂuences the quadruplex thermostability
and enthalpy [26]. 5 -protruding nucleotides partially model
the end of telomere. We can extrapolate our results and
suggest that the 5 -overhanging sequence forces contiguous
G-quadruplex to fold into conformers where the positive
CD signal at 265–270nm, originally only being a shoulder
in TEL1, is dominant. This can be compared to the “mild”
crowdingcondition,inwhichDNAoligomerisforcedtofold
into similar conformers at the presence of potassium and
certain concentration of PEG [30, 37].
Interestingly, the van’t Hoﬀ enthalpies for TEL1-ran and
TEL1-3-5-TTA-18 agree with the calorimetric measurements
obtained for TEL1 [35]. However, Antonacci et al. reported
an unfolding process involving a three-state mechanism for
thesequence(TTAGGG)4 withatotalenthalpychangeoftwo
transitions ranging from 32.1 to 36.3kcal·mol
−1 depending
on salt concentration; two clear transitions were clearly
distinguished. The diﬀerence between melting temperatures
of both transitions is about 12
◦C. One of the possible
explanations why we observe a process that ﬁts a two-state
mechanism is as follows. Based on CD melting experiments
at diﬀerent wavelengths we are suggesting that unpaired
overhangsdecreasethemeltingtemperaturediﬀerencewhich
does not allow distinguishing between the transitions. It
could mean that in solution there either occur two topolog-
ical isoforms with the same mobilities before temperature
unfolding and similar unfolding energies or a transition of
one topological structure is governed by a three-state mech-
anism but with proximal melting temperatures. Recently
we have discussed in detail a similar eﬀect observed for
intermolecular and intramolecular G-quadruplexes formed
from various G-rich repetitive sequences, two melting curves
at diﬀerent wavelengths and at least two electrophoretic
bands[24].Therefore,wepresumethat“tailed”monomolec-
ular quadruplexes might occur in two diﬀerent structural
forms with the same electrophoretic mobility, and the
melting process in each of them is governed by a two-state
mechanism as illustrated by the example of TEL1-3-5-TTA-
18 where two diﬀerent enthalpy values of 49.5 and 37.6 are
reported in Table 2.
4. Conclusions
The human overhanging sequence on the 3 -end consists
of 100–200 nucleotides forming G-quadruplexes [2, 3].
21 nucleotides are consumed in the formation of one
quadruplexsubunitandthreeadditionalnucleotidesarenec-
essary for the connection of two neighboring quadruplexes.
Therefore, the end of telomere can contain no more than 4–8
tandem quadruplexes.
The favorable formation of a G-quartet stack is enthalpy-
driven, and this favorable enthalpy is compensated by
an unfavorable entropy contribution, consistent with the
immobilization of counterions [37] .Ad e c r e a s ei nd e g r e e
of freedom is normally associated with the entropy changes.
Overhanging sequences at 3 - and/or 5 -end cause a decrease
in the degree of freedom of DNA folding; this eﬀect is the
most evident for longer quadruplex protrusions and can
be compared with the TEL2 oligomer, however, in case the
protruding sequence again consists of telomeric repeats able
to form an additional quadruplex structure [26]. Our results
conﬁrm that the 3 -a n d5  -overhangs in human telomeric
quadruplexes are not equivalent due to the arrangement of
DCR and EW loops.
Abbreviations
DCR: Double-chain-reversal loop
EW: Edgewise loops
nt: Nucleotide
PEG: Polyethylene glycol.
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